The polypyrimidine tract binding protein (PTB), a homodimer that contains four RRM-type RNA binding domains per monomer, plays important roles in both the regulation of alternative splicing and the stimulation of translation initiation as directed by the internal ribosome entry sites of certain picornaviruses. We have used chemical shift mapping experiments to probe the interactions between PTB-34, a recombinant fragment that contains the third and fourth RRM domains of the protein, and a number of short pyrimidine-rich RNA oligonucleotides. The results confirm that the RNAs interact primarily with the β-sheet surface of PTB-34, but also reveal roles for the two long flexible linkers within the protein fragment, a result that is supported by mutagenesis experiments. The mapping indicates distinct binding preferences for RRM3 and RRM4 with the former making a particularly specific interaction with the sequence UCUUC.
INTRODUCTION
The polypyrimidine tract binding protein (PTB) is an RNA binding protein that functions to regulate the utilisation of messenger and pre-messenger RNA in a number of different contexts. While the principal physiological role of PTB appears to be tissue-specific regulation of alternative splicing of a large number of genes, such as α-actinin, α-and β-tropomyosin, c-src, fibroblast growth factor receptors and the γ2 subunit of the GABA A receptor (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) , the protein has also been implicated in the control of polyadenylation (12, 13) and mRNA localisation (14) . Moreover, PTB is recruited by a number of picornaviruses as a stimulator of translation initiation driven by internal ribosome entry sites (IRES) (15) (16) (17) (18) (19) (20) . Recent work suggests that the protein may also regulate the translation of hepatitis C virus by interacting with both the 5′ and 3′ ends of the viral RNA (21, 22) and that it can stimulate the activity of the cellular IRES of APAF-1 (23) .
PTB functions in all these systems by interacting with RNA and other accessory proteins (splicing and translation initiation factors), although the mechanisms of action remain obscure.
PTB binding sites within intron and IRES RNA are observed to contain repeats of short pyrimidine motifs (e.g. UCUU, UCUUC, UUCUCU, CUCUCU) (1, 3, 8, 11, 24) , which are often, but not exclusively, contained within a pyrimidine-rich background. These observations are supported by results from in vitro selection (8, 25) and binding experiments (26) .
PTB is a homodimer (26) and contains four RRM-type RNA binding domains per monomer (27) . Deletion mutagenesis studies have mapped the primary RNA binding activity to the third and fourth RRM domains of each monomer, although the contribution of RRM1 and RRM2 may also be significant (17, 26, (28) (29) (30) ). RRM2 appears to play an important role in the dimerisation of PTB (26, 28) . The solution structure of PTB-34, a monomeric fragment that contains the third and fourth RRM domains of PTB, revealed that RRM3 has an atypical structure for this type of module, as the four-stranded β-sheet, which acts as the RNA binding surface has been extended by one strand (29) . The structure of PTB-34 is also dominated by two extended and flexible linker polypeptides, one (17 amino acids) connecting β-strands 4 and 5 of RRM3 and the other (25 amino acids) joining the two RRM domains, indicating that the protein has a high degree of conformational variability, at least prior to its interaction with RNA.
To extend our structural studies of the interactions of PTB with RNA targets, we have performed chemical shift mapping experiments on complexes between PTB-34 and a number of short, synthetic, pyrimidine-rich RNA molecules. This experimental approach reveals the amino acids that are in contact with the RNA ligand. Comparison of the different distributions of amino acid contacts observed with different RNA oligonucleotides reveals new insights regarding the sequence specificity of PTB.
MATERIALS AND METHODS

NMR spectroscopy
15 N-labelled PTB-34, which contains residues 335-531 of human PTB-1, was expressed in Escherichia coli and purified as described previously (29) . Synthetic RNA oligonucleotides were prepared and gel-purified by Dharmacon Research, Inc. For NMR mapping experiments, RNA oligonucleotides were titrated into solutions containing 0.5 mM 15 N-labelled PTB-34 in 20 mM sodium acetate, pH 5.4. 15 N-1 H HSQC spectra (31) were recorded at RNA:PTB-34 mole ratios of 0.5:1, 1:1 and 2:1 to facilitate tracking and thus assignment of resonances perturbed by RNA binding to the protein. All the NMR spectra were acquired at 302 K using a four-channel Bruker DRX500 equipped with a z-shielded gradient and triple resonance probe. NMR data were processed using NMRPipe/NMRDraw (32) and analysed using NMRView (33) .
Mutagenesis and RNA binding experiments
Mutants of hisPTB-34a (residues 324-531 of human PTB-1) were prepared by overlap PCR using established protocols and expressed in E.coli (29) . All mutations were confirmed by cDNA sequencing. PTB-RNA binding experiments were performed using α-32 P-labelled RNA transcripts of domain 1 from the EMCV IRES (17) in nitrocellulose filter binding assays as described (29) . Briefly, PTB-RNA binding reactions (75 µl) were prepared and incubated for at 24°C at least 15 min in 10 mM HEPES (pH 7.25), 100 mM KCl, 3 mM MgCl 2 , 5% glycerol, 1 mM DTT, 50 µg/ml yeast tRNA (Boehringer Mannheim), 50 µg/ml human serum albumin (Delta Biotechnology). The RNA concentration was typically fixed at 4 nM. Assays were performed using the protein binding Protran BA-85 nitrocellulose membrane (Schleicher and Schuell). The membrane was washed extensively in 10 mM HEPES (pH 7.25), 3 mM MgCl 2 , 5% glycerol, 1 mM DTT and mounted on a 96-well dot-blotter (Bio-Rad). Before and after application of 65 µl of the binding reaction, the membrane was washed with 180 µl of wash buffer. Following the experiment, the membrane was dried and the quantity of bound PTB-RNA complex determined by scintillation counting of Cerenkov radiation. Except where stated otherwise, all reagents were purchased from SigmaAldrich.
RESULTS
Selection of RNA oligonucleotides
Naturally occurring PTB binding sites consist of multiple repeats of short pyrimidine sequences embedded in a stretch of intron or IRES RNA that is typically >100 nt in length. Such large targets are not readily amenable to analysis by NMR so our studies focused on the binding of short motifs. The sequences selected ranged in length from 4 to 10 nt and included motifs identified previously in PTB binding sites or slight variations of these (Table 1) .
Mapping the RNA binding site on PTB-34
15 N-1 H HSQC experiments (31) were used to monitor the backbone amide chemical shift changes in PTB-34 upon addition of RNA oligonucleotides (see Materials and Methods). This sensitive method detects perturbations in the environment of backbone amides due to RNA binding. Amide chemical shifts are usually also sensitive to the perturbations of connected side-chains that interact with the ligand, but they may also be affected by conformational changes in the protein induced by ligand binding, and this can complicate the location of the binding site. To facilitate proper delineation of the binding surface, emphasis was placed on large chemical shift titrations and perturbed amides that fell into concerted, surface-exposed patches. Among the RNAs studied in this report, the two RNA tetramers (UCUU and CUUC) showed no amide perturbations under our experimental conditions, indicating that there was no significant binding to PTB-34. However, addition of the pentameric, hexameric or octameric RNA oligonucleotides (oligonucleotides 3-8 in Table 1 ) in each case resulted in appreciable chemical shift changes for many PTB-34 resonances without causing significant increases in relaxation rates. The binding of these RNA oligonucleotides to PTB-34 were generally in the fast exchange limit on the NMR timescales, and approached saturation of binding at a 1:1 ratio of RNA:PTB-34. Figure 1 shows overlays of HSQC spectra of uniformly 15 N-labelled PTB-34 with and without an equal molar amount of ligand RNA for oligonucleotides 3-8. It should be noted that several resonances belonging to the highly flexible loop connecting β-strands 4 and 5 in RRM3 or the long flexible inter-domain linker were not assignable in the apo-protein due to severe overlap in the centre of the spectrum (29) . Many of these show chemical shift changes upon binding to RNA, but it was not possible to record three-dimensional NMR data for the complexes (to facilitate sequence-specific assignment) shift perturbation ≥0.1 p.p.m. in PTB-34 upon binding to each of these six RNAs are indicated on the structure of PTB-34 in Figure 4 . Collectively, the data for these six oligonucleotides show that the majority of residues perturbed by RNA binding occur on the surfaces of the β-sheets in the two RRMs, as expected for this type of module. The chemical shift data confirm and extend the characterisation of the RNA binding surface obtained from site-directed mutagenesis and binding experiments (29; and this work). Notably, β-strand 5 of RRM3, which is a novel extension of the canonical RRM, is also perturbed, thus confirming its importance in RNA recognition. The β1-α1 and β2-β3 loops in both RRM3 and RRM4 are also frequently perturbed by different oligonucleotides, consistent with the demonstrated role of these features in RNA binding by PTB (29) and other RRM proteins (34) . Other residues in the core of the RRM domain and on the 'back-side' are also perturbed but these changes are most likely due to small conformational alterations in the protein induced by RNA binding (Fig. 4) . In addition to the β-sheet surface, residues in the β4-β5 loop and the inter-domain linker are clearly affected by RNA binding (Figs 3 and 4) . Previous mutagenesis data had already implicated the inter-domain linker in RNA recognition (29) . The β4-β5 loop, however, is a feature that so far is unique to PTB. In support of the chemical shift data, mutations in this loop were found to significantly depress the affinity of PTB-34 for EMCV IRES domain 1 in binding assays ( Table 2 ). The double mutation H411A/Q412A and the single mutation R418A both reduced RNA binding affinity by ∼2-fold, similar to the magnitude of the binding defect caused by mutations on the β-sheet binding surface (29) .
As well as demonstrating that the unusual features of PTB (β5, the β4-β5 loop and the long inter-domain linker) are all involved in RNA binding, the data reveal that a collection of hydrophobic, polar and positively charged amino acids are involved in RNA recognition (Fig. 3) . PTB is notable for the absence of a triad of aromatic residues that is found in most other RRM proteins and makes important stacking interactions with RNA bases. However, several of the hydrophobic residues that in PTB occupy these generally conserved aromatic positions (Leu 340 and Leu 378 in RRM3, Met 493 in RRM4) are found to have significant chemical shift alterations indicating that they maintain a role in RNA binding. These aliphatic side-chains in PTB may make similar interactions to the hydrophobic Ile-base contacts observed in the crystal structures of sex-lethal and HuD (35, 36) . Although the three remaining 'aromatic' positions in PTB (Asn 376 in RRM3, His 457 and Leu 495 in RRM4) show only small or negligible chemical shift changes in the presence of RNA, this does not preclude their involvement in RNA interactions. Indeed, mutation of His 457 has been observed to reduce RNA binding (29) .
Comparison of the patterns of chemical shifts associated with the different RNA oligonucleotides reveals a number of intriguing differences. The sequence UCUUC induces chemical shifts that are almost exclusively clustered on the binding surface of RRM3 indicating that this oligonucleotide may be specifically bound to RRM3 (Fig. 4) . This interpretation is supported by the observation that the RNA decamer (UCUUCUCUUC, oligonucleotide 9), comprising two copies of the UCUUC sequence, yields significant line broadening across the whole of the spectrum (data not shown), indicative of the formation of a high molecular weight complex, probably with a protein:RNA stoichiometry greater than 1:1. A simple explanation for this would be that two molecules of PTB-34 bind to the oligonucleotide primarily via their RRM3 modules.
The oligonucleotide UCUUCUCU which differs from oligonucleotide 9 only in that it lacks 2 nt at the 3′ end, does not cause the same dimerisation, reinforcing the inference that two copies of UCUUC are required for the binding of more than one PTB-34 molecule to the oligonucleotide.
Minor modifications of the UCUUC sequence, to give UCUUU and UCUCU, dramatically alter the distribution of chemical shifts, yielding a larger perturbation surface that extends to cover much of the β-sheet surface in RRM4 (Fig. 4) . The crystal structure of the N-terminal pair of RRM domains of poly(A)-binding protein (PABP) complexed with poly(A) revealed that the RNA binds in a highly extended configuration such that 6 nt were sufficient to span the RRM pair (37) . The UCUUU and UCUCU pentamers may adopt similar extended Residues with a combined shift of perturbation of ≥0.1 p.p.m. for at least four out of the six RNA oligonucleotides which bound to the protein are shaded green or orange. Green shading indicates that the amino acid side-chain is solvent-exposed; buried side-chains are shaded orange. The hexameric RNP-2 and octameric RNP-1 motifs in both RRMs are boxed. Asterisks mark the positions of residues that are aromatic in most RRM sequences (48) . Mutation of residues marked with '<' reduced the RNA binding affinity; residues marked with '=' had no effect on RNA binding affinity (29) . configurations when bound to PTB-34, an interpretation supported by the observation that the chemical shift changes were close to maximal at a 1:1 RNA:PTB-34 mole ratio. Nevertheless, it is possible that the distributed patterns of shifts for these two oligonucleotides are due to shuttling of the ligands across the β-sheet surfaces within the two RRM domains, so that the observed perturbation surface represents an average of different binding conformations. A pattern of shifts that extends across RRM3 and RRM4 was also observed for the hexamer (CUCUCU), which shows a very similar perturbation surface to that of UCUCU (see Figs 1 and 4) . The extra pyrimidine (cytosine) at the 5′ end does not seem to have affected the binding specificity. The two octamers UCCUCUUC and UCUUCUCU each contain the UCUUC motif but have three additional pyrimidine residues at the 5′ and 3′ ends respectively. The magnitude of chemical shift perturbations for UCCUCUUC are significantly smaller than for UCUUC (Fig. 2) , implying that UCCUCUUC induces smaller conformational changes in the protein or causes further chemical shift averaging over several conformations. Thus, the binding specificity of the sequence UCUUC for RRM3 seems to have been compromised in UCCUCUUC. For the other octamer UCUUCUCU, the magnitude of conformational perturbation to RRM3 is similar to that for UCUUC; but in addition, it also causes significant changes in RRM4 of a similar magnitude and specificity to that of the UCUCU pentamer (Fig. 4) , which matches the five residues at the 3′ end of UCUUCUCU.
DISCUSSION
The RRM is an extremely versatile module which binds RNA in a single-stranded configuration but in a diverse range of sequence and structural contexts, as revealed by structural analyses of U1A, U2B″, sex-lethal, PABP and nucleolin (36) (37) (38) (39) (40) . PTB remains something of an outlier in the extended family of RRM proteins, as it possesses unusual RNP-1 and RNP-2 sequence motifs and has a novel fifth strand in RRM3 (29) . The presence of this fifth strand alters the topology of RRM-3 and raises the possibility that the arrangement of the tandem RRM domains in PTB-34 may not conform to that observed for other proteins (in which the C-terminal RRM binds upstream of the N-terminal RRM on the RNA target). However, our results are consistent with a model in which the pair of RRMs in PTB-34 are required to bind 5-6 nt sequence motifs, most likely in an extended configuration similar to that observed for poly(A) bound to PABP (although our present data give no indication that the RNA ligands help to lock a particular configuration of PTB-34 and the actual binding configuration will require further work). Given that PTB acts as a dimer (with a total of eight RRMs), our data also support the idea that PTB can make multiple contacts with intron and IRES RNA targets (3, 24) , and needs to do so to make a specific, functional interaction (e.g. to stabilise an active configuration). In particular, our findings suggest that a single PTB dimer could bind pairs of UCUUC or CUCUCU motifs, consistent with cross-linking models of PTB-RNA interactions in which the PTB dimer bridges two RNA motifs that are widely separated in the primary sequence (3, 13) .
A universal PTB recognition sequence common to all PTB binding sites identified to date has not been found (Table 1) .
Our mutagenesis results tend to highlight the relatively non-specific nature of the interaction of PTB with RNA targets, given that single or double amino acid substitutions in the protein reduce the binding affinity by a factor of four at most (Table 2) (29) . In contrast, the chemical shift mapping reveals clear differences in the binding interactions of oligonucleotides that only differ by a single nucleotide. In this regard the observation of specific binding of UCUUC to RRM3 is very striking, particularly in comparison with the lack of binding of UCUU and the very different pattern of chemical shift changes observed with UCUUU. The specific binding of UCUUC to RRM3 is intriguing as the same RNA sequence motif was obtained by in vitro selection experiments even though these were done with the full-length protein (8) . However, it should be borne in mind that our studies were carried out using purified PTB-34. The binding of the protein to pyrimidine-rich motifs may be modulated by RNA sequence and structural contexts and by the presence of protein cofactors (e.g. Nova, hnRNP-L, unr, ITAF 45 ) that interact with PTB and/or with RNA sequences proximal to PTB binding sites (23, (41) (42) (43) (44) (45) . While our chemical shift data give a clear indication of the modulation of PTB-RNA interactions by sequence context variations (compare UCUUC, UCUUCUCU and UCCUCUUC), further work towards the determination of the structure of a PTB-RNA complex will be required to reveal the nature of the protein-RNA interaction in greater detail.
